Abstract. Burst suppression (BS) is an electroencephalographic state associated with a profound inactivation of the brain. BS and pathological discontinuous electroencephalography (EEG) are often observed in term-age infants with neurological injury and can be indicative of a poor outcome and lifelong disability. Little is known about the neurophysiological mechanisms of BS or how the condition relates to the functional state of the neonatal brain. We used simultaneous EEG and diffuse optical tomography (DOT) to investigate whether bursts of EEG activity in infants with hypoxic ischemic encephalopathy are associated with an observable cerebral hemodynamic response. We were able to identify significant changes in concentration of both oxy and deoxyhemoglobin that are temporally correlated with EEG bursts and present a relatively consistent morphology across six infants. Furthermore, DOT reveals patient-specific spatial distributions of this hemodynamic response that may be indicative of a complex pattern of cortical activation underlying discontinuous EEG activity that is not readily apparent in scalp EEG.
Introduction
Burst suppression (BS) is an electroencephalographic pattern defined as a periodic alternation between high-voltage slow, occasionally sharp waves (bursts), and depressed or suppressed lowvoltage activity [interburst intervals (IBIs)]. 1 It is considered to be indicative of global brain inactivation and can be secondary to a variety of factors, including infant encephalopathies, 2 deep anesthesia, 3 hypoxic ischemic trauma, 4 coma, 4 and hypothermia. 5, 6 It is strongly associated with adverse prognosis and impaired neurodevelopmental outcome. [7] [8] [9] BS is also often observed in the term and near-term infant population secondary to hypoxic ischemic encephalopathy (HIE). HIE is the result of a severe perinatal deficit in cerebral blood flow and oxygen delivery, leading to the disruption of cerebral energy metabolism. 10 Despite recent advances in the care and management of such infants, HIE remains the leading cause of acquired neurodisability in the term neonatal population. 11 The precise definition of what constitutes BS in neonatal electroencephalography (EEG) remains an issue of debate. The standard neonatal EEG texts define BS as when the IBI activity presents with amplitude of <5 μV. 12 When the IBI amplitude is above this threshold, but remains <25 μV, the EEG is referred to as "discontinuous" (tracé discontinu). 12 However, other sources have used different upper thresholds of IBI amplitude to define BS, including 10, 13 20, 14 or 25 μV. 15 It is also important to note that in preterm infants of <34 weeks gestational age (GA), a discontinuous EEG trace is expected and is considered as a normal developmental phenomenon. 12 Discontinuous EEG is also apparent during different sleep states in infants between 34 and 38 weeks GA and it is referred to as tracé alternant. 12 Conversely, a discontinuous EEG pattern in the term-age infant, with no variability over the sleep-wake cycle is representative of neuropathology.
In term infants with HIE, the severity and persistence of discontinuous or burst-suppressed EEG has traditionally been used as a key factor to predict prognosis and neurodevelopmental outcome. [16] [17] [18] Numerous studies have shown that the rate of recovery of electrocortical activity to a continuous state is closely related to outcome, and that the longer the EEG remains discontinuous, the higher the risk that an infant will develop neurodisability. For example, van Rooij et al. 18 demonstrated that 61% of term infants that recovered to a continuous EEG trace within 24 h survived with either mild disability or no disability. Menache et al. 19 showed that the presence of IBIs with a predominant duration of over 30 s in term infants was always associated with severe disability or death.
Recent investigations of BS in HIE infants have focused on developing more objective EEG markers of neurodevelopmental outcome. It has been demonstrated that certain parameters of the burst-suppressed EEG, including the distributions of the area under the curve of the burst (burst area) and burst duration predict clinical outcome with a comparable power to structural neuroimaging and neurodevelopmental assessment tools. 13 A recent study applied a coherence mapping approach to identify neuronal networks within the burst and suppression phases of neonatal EEG, suggesting a spatial distribution of BS electrocortical activity that is likely related to the underlying hypoxic ischemic injury and potentially to the functional and developmental state of the brain. 15 Several animal studies have combined EEG with functional neuroimaging techniques [such as blood-oxygen-level-dependent functional magnetic resonance imaging (MRI), (BOLD fMRI)] to investigate cerebral hemodynamics and neurovascular coupling during BS induced via anesthesia. [20] [21] In 2014, Sutin et al. 22 used a simultaneous near-infrared spectroscopy (NIRS) and EEG methodology to investigate the hemodynamic responses associated with isoflurane-induced BS in the rat. Such multimodality imaging approaches have the potential to elucidate the fundamental physiological, neurovascular and neuroenergetic characteristics of the BS and discontinuous EEG state, but can also allow the spatial characteristics of these states to be investigated. There is currently a paucity of functional imaging studies of critically ill human infants with pathological EEG, primarily because of the logistic and clinical challenges of such experiments. Simultaneous diffuse optical tomography (DOT) and EEG (DOT-EEG) provides a safe and noninvasive methodology for studying vulnerable infants at the cot-side during the acute phase of their hospital admission. Previous investigations by our group have applied DOT-EEG to identify abnormal, transient hemodynamic features in severe HIE infants that present no electrographic correlate 23 and to examine the hemodynamic response to neonatal seizures. 24 The principle aim of this study is to investigate (for the first time) whether burst-suppressed and discontinuous EEG states in HIE infants are associated with an observable hemodynamic response. Such a response is likely to provide new information about the spatial and neurophysiological characteristics of these states.
Methods
This study was approved by the National Research Ethics Service Committee East of England (REC Reference 09/ H0308/125). The work presented here is part of a larger study of neurovascular coupling in acquired brain injury in preterm and term neonates using DOT and video EEG.
Patients
Following informed parental consent, infants were recruited to the study upon their admission to the neonatal intensive care unit (NICU) at the Rosie Hospital of Cambridge University Hospitals NHS Foundation Trust. Eligibility was determined on the basis of clinical evaluation, a GA at birth of >34 weeks and the diagnosis of HIE. Diagnosis of HIE was made according to clinical presentation and severity according to the Sarnat classification. 25 The patients were assessed for eligibility for therapeutic hypothermia (TH) based on the total body (TOBY, whole body hypothermia for the treatment of perinatal asphyxial encephalopathy) cooling criteria. 26, 27 Infants with antenatally diagnosed congenital abnormalities, or those with a strong clinical suspicion of skull fracture or a neurosurgical diagnosis (i.e., subgaleal haemorrhage and subdural haemorrhage) were not eligible for inclusion in this study. All infants received 72 h of whole-body TH as part of the clinical treatment for HIE. Passive cooling was commenced from the referring hospital within 6 h postbirth and active cooling was initiated by the transport services and continued upon arrival to the Rosie Hospital NICU. The study was conducted during TH or the rewarming phase. One infant was studied after the rewarming phase.
Data Acquisition
The infants were studied at the cot-side in the NICU while receiving intensive clinical care and treatment. Continuouswave DOT data were acquired using the UCL Optical Imaging System. 28 This device employs 16 dual-wavelength laser-diode sources operating at 780 and 850 nm, and 16 avalanche photodiode detectors with a sampling frequency of 10 Hz. Video-EEG data were obtained using either a Micromed SystemPlus clinical EEG system (Micromed S.p.A., Italy) or (latterly) a BrainVision V-Amp system (Brain Products GmbH, Germany). The sampling frequency of both systems was 250 Hz.
To allow simultaneous DOT-EEG with full scalp coverage, an integrated infant head-cap was employed that incorporates 32 optical fiber bundles (Loptek GmbH & Co. KG) and 13 annular Ag/AgCl EEG electrodes (EasyCap GmbH, Germany). Both the optical fiber bundles and EEG electrodes are coupled into a flexible head-cap (EasyCap GmbH, Germany) that was chosen on the basis of head-size prior to each study [see Fig. 1(b) ]. The positions of the optical fibers are based on the 10-5 system 29 and provide a total of 58 channels across the infant scalp [ Fig. 1(a) ]. The source-detector distances in the array range from a minimum of 20 to a maximum of 40 mm. The positions of the EEG electrodes conformed to the standard neonatal EEG montage (Fp1, Fp2, Fz, T3, T4, C3, Cz, C4, Pz, O1, and O2) with reference and ground electrodes at AFpz and FC1, respectively. Abrasion gel and conductive paste were applied to ensure EEG electrode impedances were kept below 5 kΩ. ECG monitoring was also performed to facilitate artifact recognition in the EEG trace. The DOT and EEG systems were synchronized using a custom-made external trigger generator.
Electroencephalography Analysis and Burst Identification
The EEG recordings were assessed by using the BrainVision Analyser (Brain Products GmbH) and EEGLAB 30 software packages. Standard filtering was applied with a high-pass filter at 0.5 Hz and low-pass filter at 70 Hz, with an added notch filter at 50 Hz. The EEG traces were then reviewed by a clinical neurophysiologist (author A.M.) who reported on the quality of the recording, the background state (i.e., continuous, discontinuous, or burst suppressed), the presence of any asymmetry between the two hemispheres, cyclicity (between awake and sleep state) and also the presence of abnormal rhythmic activity or seizures. EEG traces that were identified as discontinuous or burst suppressed, but without the presence of seizures, were selected for further analysis. The IBI amplitude of these EEG traces was <25 μV. Subsequently, the EEG data sets were subject to a manual burst-identification process (performed by author M.C.). After motion and ECG artifacts were excluded,
the onset and offset of each burst were identified based on the strict criterion that prior to each burst there should be an IBI of ≥2 s in duration. Both discrete bursts and IBIs themselves were marked. Bursts were independently identified in a subset of EEGs by a second observer (author C.W.L.) in order to support the objectivity of the burst-identification process.
Diffuse Optical Tomography Processing and the Hemodynamic Response
After the EEG and DOT data sets had been synchronized, and the burst onset and offset markers were transformed to the DOT time base, the DOT data were preprocessed using modified versions of functions from the Homer2 NIRS processing toolbox.
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First, channels were excluded from each data set on the basis of a simple intensity threshold, and on visual inspection of their frequency content (this was necessary due to the impact of high-frequency oscillatory ventilation, in infants that required this for ventilatory support). If more than 15 channels were excluded from any one DOT data set, that infant was removed from the study. The raw intensity data were then converted to optical density, and periods of motion artifact were identified using a combination of visual inspection and Homer2 motion artifact detection approaches 32 prior to bandpass filtering in the range of 0.01 to 1 Hz.
To extract the hemodynamic response to the EEG bursts in each data set, the bursts were first subdivided on the basis of duration into 2-s wide bins over the range of 0 to 30 s. Bins containing <5 bursts were neglected. The burst onset markers associated with each bin were then treated as separate conditions in an event-related general linear model of the DOT data (such that the model contained a 0-to 2-s burst condition, a 2-to 4-s burst condition, etc.). The general linear model was constructed using a series of Gaussian basis functions (with a standard deviation of 2 s and separated by 1 s), to model the hemodynamic response function (HRF) associated with each burst duration. The model also included zeroth-to third-order polynomial drift regressors. The time range of the modeled HRF was set to −10 to 40 s relative to the burst onset markers. This approach resulted in an HRF for each accepted DOT channel, burst duration bin and infant.
To provide an objective representation of the morphology of the spatially varying hemodynamic response to bursts in each infant (as opposed to arbitrarily selecting a channel to display or taking an average), we used a principal component analysis (PCA) approach. A PCA was performed across the accepted channels in each data set. An HRF was then produced for each infant by combining the components required to account for 80% of the signal variance.
To ensure that any extracted HRF was not an artifact of the data processing procedure, and was directly temporally correlated with the EEG bursts, additional HRFs were computed using 10 randomly generated dummy onset vectors in place of the burst onset markers for each data set. These dummy vectors contained the same number of "events" as the largest number of bursts in any one bin for each infant. A one-tailed, Bonferroni-corrected t-test was then performed to identify channels in which the hemodynamic response to EEG bursts is statistically distinguishable from a vector produced by concatenating the 10 dummy HRFs.
Image Reconstruction
The last step in the DOT processing stream was to reconstruct images of the hemodynamic response to EEG bursts of a given duration. Using the 10-5 positions of the DOT fiber bundles and the TOAST++ finite element photon transport modeling package, 33 a forward model was computed in an age-matched, 5-layer volumetric finite element mesh selected from the UCL 4D neonatal head model. 34 Images of changes in oxyhemoglobin concentration (HbO) and de-oxyhemoglobin concentration (HbR) were reconstructed for every 1 s of data, relative to the mean of the first 10 s of data in each HRF. Images were reconstructed in the volumetric mesh, using a multispectral linear reconstruction and zeroth-order Tikhonov regularization. Each image was then projected to the associate gray-matter surface mesh for visualization using a 5-mm spherical blurring kernel.
Results

Clinical Data
Between March 2013 and September 2015, 23 infants fulfilled the eligibility criteria and were recruited to the study. Of these, nine presented with either BS or a discontinuous EEG trace with IBI amplitude of <25 μV and no variability due to sleep state during the recording. Three infants were then excluded because more than 15 DOT channels were rejected, leaving a total of six data sets suitable for analysis. The clinical information pertaining to these six infants is provided in Table 1 . The median GA at birth was 38 þ6 weeks (range from 34 þ5 to 40 þ1 weeks). The median age of the infants at the time of the study was 3.5 days (with a range from birth to 7 days of life). The length of the DOT-EEG recording ranged from 47 to 115 min with a median of 59 min. All infants presented with seizures in the first 48 h of life and received either one or three types of anticonvulsant treatment prior to (or in one case during), the DOT-EEG study. All infants had stable levels of carbon dioxide partial tension (PCO 2 ) within the normal range (4.7 to 6.0 kPa) 35 throughout the study. Two of the infants were receiving inotropic support during the study to maintain a stable systemic arterial blood pressure. Each infant underwent a structural MRI between 7 and 10 days of life as per the standard clinical care protocol and all received a final diagnosis of HIE. All six infants survived and were either discharged back to the referring hospital or to home.
Electroencephalography Data
The total number of bursts identified in each infant ranged from 87 to 257, with a median of 129. An example of an identified burst is provided in Fig. 2 . The vast majority of bursts had duration of between 1 and 7 s. The single most common burst duration across the group was 4 to 6 s. A histogram of burst durations by infant, binned as per the DOT analysis, is provided in Fig. 3 . A simple interobserver comparison performed in a subset of infant EEGs indicated that for every burst onset identified (by author M.C.), a burst onset was independently identified (by author C.W.L.) within an error of 1.5 s in 84% of cases.
Diffuse Optical Tomography Data and the Hemodynamic Response to Electroencephalography Bursts
The number of DOT channels rejected across the six infants ranged from 2 to 9, with median of 4 (from a total of 58 channels). HRFs were successfully extracted for burst durations in the range of 2 to 4, 4 to 6, 6 to 8, 8 to 10, and 10 to 12 s across the group of six infants, but only the ranges 2 to 4, 4 to 6, and 6 to 8 s contained enough bursts to produce HRFs for all six infants. The proportion of DOT channels exhibiting a statistically significant HbO response to bursts with duration 4 to 6 s ranged from 30% in patient 2 to 100% in patient 5. Figure 4 shows the channel-wise hemodynamic response to EEG bursts of 4-to 6-s durations in infant 1. A pronounced response is clearly apparent on the majority of channels, with clear spatial variation in amplitude and morphology. Figure 5 shows the PCA-extracted representative hemodynamic response to 4-to 6-s duration bursts in all six infants. Note that the number of components required to account for 80% of the channelwise variance varied from 1 to 3 components across the six infants. A marked response is apparent in each patient, and there is notable consistency in the shape of that response across the group. There is typically a pronounced decrease in HbO slightly prior to, or during the burst activity, followed by a large increase that reaches a peak ∼20 s after the burst onset before returning toward the baseline and exhibiting an undershoot. Only in infant 5 does the HbO response shape differ, the initial dip is not apparent during the burst activity, but the peak increase in HbO occurs at a similar time to that of the other infants. The HbR response is more variable, but in all cases shows a notable increase that reaches a peak between 10-and 20-s postburst onset.
Diffuse Optical Tomography Images of
the Hemodynamic Response Figure 6 shows three views of the reconstructed cortical image of changes in HbT for patient 3 at the minima of the initial dip (as defined from the PCA-extracted representative response, Fig. 5 ). A small decrease in HbT is apparent across most of the cortex, but the most marked changes occur in the bilateral temporal and temporal-parietal regions. Figure 7 shows data from the same infant specifically at the peak of the increase in HbT, which occurs at ∼12-s postburst onset. The frontal poles, right temporal, and left parietal regions exhibit the largest increases in HbT, while the occipital cortex displays a slight decrease. Note that the combination of regions that show a pronounced increase in HbT during the peak phase (see Fig. 7 ) are not completely consistent with those exhibiting the largest decreases in HbT during the initial-dip phase of the hemodynamic response (see Fig. 6 ). Figure 8 shows the reconstructed cortical image of HbT at the peak of the postburst increase in patient 5. The increase is broadly global, but with the largest increases occurring in both temporal lobes. Note also the apparent lack of a response over the right parietal lobe. Lastly, Fig. 9 shows the HbT image associated with the undershoot phase in patient 5, which shows the largest decreases occurring in the bilateral frontal cortices.
Videos showing the hemodynamic response to 4-to 6-s duration bursts in patients 3 and 5 are provided in Videos 1 and 2, respectively.
Discussion
BS has traditionally been considered to be a uniform and global brain state. Regardless of the cause, the burst-suppressed EEG typically appears consistent and essentially synchronous across the EEG channels distributed over the scalp. This has contributed to the use of induced-BS as a therapy in cases of head injury 36 or status epilepticus, 37 as a means of minimizing cortical activity. However, questions remain as to whether BS truly represents a global suppression of brain function and whether with deepening coma there is a complete suppression of the neuronal activity. Recent studies have provided evidence that, contrary to the traditional perception, during BS there can be increased activity in subcortical structures that may elicit activity in the hyperexcitable cortex and potentially give rise to the observed EEG bursts. This activity has been described as a novel neurophysiological parameter, known as "Nu-complexes" that arise from the hippocampus in different states of coma and in particular in BS. 38 A recent study of propofol-induced coma in human adults using high-density intracranial electrocorticography demonstrated that, contrary to what is often observed using scalp EEG, BS can be localized to specific cortical areas. Bursts can occur asynchronously in different regions and BS can be observed at one location while continuous activity is apparent at others. 39 These findings contradict the traditional model of BS and support the use of neuroimaging methodologies with better spatial specificity than scalp EEG to investigate BS and discontinuous EEG phenomena. To date, there have been only a small number of studies of the hemodynamic correlates of BS and discontinuous electrocortical activity in the animal model 22 and fewer still in human infants. 40 Simultaneous DOT-EEG approaches have the advantage of allowing the investigation of both the temporal and spatial features of the hemodynamic correlate of BS, which may prove essential to understand the relationship between discontinuous EEG states and cerebral function.
In this paper, we have demonstrated that a significant hemodynamic response to burst EEG activity can be identified in infants with HIE. To our knowledge, we are the first group to specifically examine this phenomenon in this patient group. The hemodynamic correlate of burst activity in the HIE infant is best characterized by an initial decrease in HbO that reaches a minima during or soon after the burst, followed by a pronounced increase in HbO (see Fig. 5 ) that reaches a peak 10 to 12 s after the burst onset. The changes in HbR are more variable, but it is clear that the response is not consistent with the typical functional hemodynamic response observed in adults. 41 The nature of the healthy neonatal functional hemodynamic response is still an issue of some debate. While several studies suggest the neonatal (and even early preterm) hemodynamic response is consistent with that observed in the mature brain, 42, 43 a recent study in the rat model suggests that the hemodynamic response to an external stimulus varies significantly with postnatal age. 44 In the infant rat, the hemodynamic response was found to consist of a small increase in HbO, followed by increase in HbR, while the response in the adult rat was consistent with the typical adult human response, i.e., an increase in HbO with a concomitant decrease in HbR. 44 One possible explanation for the shape of the hemodynamic response to EEG bursts found in our data is that bursts induce an increase in perfusion and therefore blood volume. The oxygen extraction is either abnormally low or the oxygen supply exceeds the regional metabolic demands. Hence, the increase in perfusion results in little change in oxygen saturation and thus no decrease in HbR is apparent. However, any interpretation of the observed responses must take into account the effects of maturation and the effects of hypoxic ischemic injury, specifically the biochemical changes associated with reperfusion injury. [45] [46] [47] Any interpretation of the identified hemodynamic responses in these infants is clearly subject to multiple confounding factors. In addition to HIE itself, TH and anticonvulsant treatments also contribute to the presence of a pathological EEG trace, and are also likely to affect neurovascular coupling mechanisms.
Anticonvulsant treatment is known to depress the EEG background activity and its effects are dependent on the type of medication, the dosage and the timing of administration, and the GA of the infant. 48 Standard phenobarbitone loading doses (10 to 20 mg∕kg only moderately affect the EEG background activity in full term infants. However, evidence suggests that the more severe the hypoxic ischemic insult, the more easily phenobarbitone can induce EEG discontinuity or BS. 49 Midazolam is another medication frequently used in cases of HIE and it appears that when administered in moderate doses, midazolam does not affect EEG activity. 49 It has also been shown that the median time-to-recovery of electrocortical background activity following the administration of anesthetic or antiepileptic medication in term infants, is 2.5 h, with a range of 2 to 15 h. 50 A previous investigation of the effects of anesthetic drugs on neurovascular coupling mechanisms showed, in general, that the effects are similar across different medications. 51 A recent study of the influence of TH on cortico-vascular activity examined cerebral oxygen metabolism, cerebral blood flow, and blood volume in HIE infants during TH, using frequency domain NIRS and diffuse correlation spectroscopy. 52 When compared to the post-TH phase, the cerebral oxygen metabolism and cerebral blood flow were found to be lower during TH, while cerebral blood volume was found to be higher during TH. Two of the infants enrolled in our study were also receiving inotropic support, which primarily act on the systemic blood circulation. Different inotropes act on different vaso-receptors to ultimately improve cardiac output and increase cerebral perfusion.
While all six infants included in this study were diagnosed with HIE and were undergoing TH, the severity of their conditions varied and they had received a range of anticonvulsants at different times relative to the period of recording (see Table 1 ). Despite these many confounding factors, the shape of the principal hemodynamic response to burst events is remarkably consistent across our cohort (see Fig. 5 ). In four out of six infants, the peak increase in HbT occurs between 11 and 12.5 s after the burst onset. It is possible that the specific selection of infants on the basis of their EEG state acts to control for the many other experimental variables, i.e., the hemodynamic correlate of BS may be consistent despite the various factors that have led to that neurological state. However, as is apparent from Figs. 4 and 6-9 the spatial distribution of the hemodynamic response to EEG bursts is highly variable across infants. Furthermore, the dominant features of the representative responses shown in Fig. 5 are not necessarily at their most pronounced in the same cortical area; while the initial dip of one infant may be most pronounced at the bilateral temporal-parietal boundaries (see Fig. 6 ), the peak increase in HbT in the same infant can be most pronounced in the prefrontal cortex (see Fig. 7 ). These results constitute evidence that EEG bursts in HIE infants invoke variable hemodynamic responses in different cortical regions. Whether this is a reflection of localized neuronal activity, which otherwise is grossly seen as BS on scalp EEG must be explored further. So far, there is limited scientific evidence to show that the phenomenon of BS can be dependent on local dynamics rather than a global state. 39 Future studies on animal models of neonatal asphyxia combining cortical EEG and DOT measures could potentially elucidate this further. It is also of interest that the MRI of patient 5 revealed swelling of the bilateral medial temporal cortices and a possible hemorrhagic lesion over the right parietal lobe. These findings, to some extent, appear to correlate with the distribution of peak HbT changes shown in Fig. 8 . The largest response is apparent in the temporal lobes, while a distinct absence of a response can be seen in the right parietal region.
Conclusions
In this paper, we have identified the hemodynamic correlate of bursts of EEG activity in the burst-suppressed and discontinuous EEG traces in human infants with HIE. These responses exhibit a consistent morphology but highly variable spatial distributions across different infants. This observation is consistent with the emerging picture of BS as a representation of a complex and variable functional brain state, rather than simply an indication of globally suppressed neuronal activity. DOT-EEG approaches are likely to play a significant part in future investigations of the neurophysiological and clinical implications of burst-suppressed and discontinuous EEG states.
